Vascular calcification is highly prevalent and, when present, is associated with major adverse cardiovascular events. Vascular smooth muscle cells play an integral role in mediating vessel calcification by undergoing differentiation to osteoblast-like cells and generating matrix vesicles that serve as a nidus for calcium-phosphate deposition in the vessel wall. Once believed to be a passive process, it is now recognized that vascular calcification is a complex and highly regulated process that involves activation of cellular signaling pathways, circulating inhibitors of calcification, genetic factors, and hormones. This review will examine several of the key mechanisms linking vascular smooth muscle cells to vessel calcification that may be targeted to reduce vessel wall mineralization and, thereby, reduce cardiovascular risk.
was 6.84 (95% CI: 2.93-15.99), which was significantly higher than that observed for individuals with a calcium score of 1-100 (HR=3.89; 95% CI: 1.72-8.79). 1, 2 For those individuals that did not have evidence of vascular calcification at the index study, 18% developed coronary artery calcification over the mean 3-year follow-up period. 3 The prevalence of calcification is known to increase with age with evidence of vascular calcification present in ≥ 90% of men and ≥ 67% of women over the age of 70 years. 1, 4 In younger adults, age 33-45 years evaluated in the Coronary Artery Risk Development in Young Adults (CARDIA) study, there was concordance between the presence of coronary artery calcification and the Framingham Risk Score. For individuals with a risk score >10%, 17.2% of individuals were found to have a coronary artery calcium score of ≥ 100% while only 1.3% of participants with the lowest risk score (0-2.5%) had high coronary artery calcium scores. When stratified by sex, a similar pattern was found; however, when stratified by race, the prevalence of coronary artery calcification was higher in Caucasian than African-American participants although African-Americans were found to have a higher overall burden of vascular calcification. 5 The prevalence of vascular calcification was also examined in a comprehensive metaanalysis that included 218,080 patients from 30 studies that were followed for a mean of 10.1 years. This study revealed that the odds ratio for cardiovascular mortality based on the presence of calcification versus no calcification was 3.94 (95% CI: 2.39-6.50), although there was heterogeneity among the studies included. For example, the risk of cardiovascular mortality was high (OR=18.38; 95% CI: 4.30-78.47) in one included study of patients with renal insufficiency as compared to another study that evaluated asymptomatic individuals (OR=2.31; 95% CI: 1.60-3.34) (Fig. 1) . Subgroup analysis further revealed that the odds ratio for any cardiovascular event was significantly higher in individuals with renal insufficiency (OR=6.22; 95% CI: 2.73, 14.14) while cardiovascular mortality was higher in patients with diabetes mellitus (OR=2.27; 95% CI: 1.07-3.04). This suggests that the high prevalence of vascular calcification in patients with chronic kidney disease and diabetes mellitus may explain, in part, their increased risk for adverse cardiovascular events. 6 
Vascular smooth muscle cells are involved in intimal and medial vessel calcification
Vascular calcification may be localized to atherosclerotic plaques where it is occurs as dispersed punctate or patchy crystals. 7 Calcification in the atherosclerotic neointima is detected as microcalcifications (range: ≥0.5 to ⍰ 15 μm) in its early stages that may progress to calcific nodules or areas of actual bone formation. Microcalcifications are believed to originate from apoptotic smooth muscle cells (SMC) or matrix vesicles that are released by these cells and occur near the internal elastic lamina. Atherosclerotic vascular calcification is also associated with lipid deposition and inflammation in the neointima (reviewed in 7 ).
Vascular calcification may also occur in the medial layer of the vessel (Monckeberg's medial sclerosis) where it is present surrounding smooth muscle cells (SMC) and along the elastic lamellae. 8 Medial calcification decreases vessel compliance and is prevalent in aging, diabetes mellitus, and chronic kidney disease. 8 The pathogenesis of vascular medial calcification is incompletely characterized however, similar to neointimal calcification, the process is believed to recapitulate skeletal bone formation. 8 Studies from monogenetic disease states and animal models of human disease associated with precocious or significant vascular calcification have shown that this is a complex and highly regulated process. Several overlapping mechanisms involving SMCs have been implicated in the pathogenesis of vascular intimal and medial calcification, including reprogramming and differentiation of SMC to an osteoblast-like phenotype and deposition of SMC-generated calcifying matrix vesicles in the vessel wall, These processes are facilitated by loss of calcification inhibitors, increased SMC oxidant and/or endoplasmic reticulum stress, DNA damage response signaling, apoptosis, and disorders of calcium-phosphate homeostasis that may occur as a result of perturbed hormonal regulation of the system.
Differentiation of vascular smooth muscle cells to an osteoblast-like phenotype
Vascular SMC have been shown to differentiate to osteoblast-like cells and enact a cellular program that mediates deposition of bone matrix in blood vessels. In calcified blood vessels, bone-related transcription factors, including Msx2, Sox9, Runx2, and osterix, which upregulate bone and chondrocyte proteins, have been detected in populations of SMC. These transcription factors regulate key processes important for osteoblast differentiation and phenotype. Pro-osteogenic factors such as the bone morphogenetic proteins and inflammatory mediators such as tumor necrosis factor-α (TNF-α) can activate Msx2 and Wnt signaling to upregulate expression of the transcription factors Runx2 and osterix. [8] [9] [10] [11] Runx2, in turn, increases expression of the bone-related proteins osteocalcin, sclerostin, and receptor activator of nuclear factor-kappaβ ligand (RANKL) 12 . Osterix, which is downstream from Runx2, increases expression of other bone-related proteins including bone sialoprotein and alkaline phosphatase. 8, 13, 14 Differentiation of vascular SMC to osteoblast-like cells that express osteoblast transcription factors and bone matrix-related proteins has been confirmed in vitro and in vivo Aortic myofibroblasts exposed to TNF-α demonstrate increased expression of Msx2 that is associated with upregulation of Wnt3a, Wnt7a, and alkaline phosphatase that promotes vascular calcification. 15 This was confirmed in a diabetic low-density lipoprotein receptor knockout mouse model of vascular calcification. In this model, a high-fat diet increased serum TNF-α levels, which was associated with increased aortic expression of bone morphogenetic protein-2, Msx2, Wnt3a and Wnt7a as well as aortic calcification. 16 Vascular SMC exposed to procalcifying levels of phosphate, akin to what may occur in patients with CKD, lose expression of the smooth muscle contractile proteins SM22α and SM α-actin and express the bone markers Runx2, osteopontin, osteocalcin, and alkaline phosphatase. 17 Definitive proof that SMCs undergo this process in vivo was provided by lineage tracing studies performed in a matrix Gla protein (MGP)-knockout mouse model, which is lacking the calcification inhibitor MGP and is prone to early and severe vascular calcification. In this study, SMC differentiation to osteoblast-like cells was confirmed by downregulation of myocardin and increased Runx2 expression that occurred prior to the deposition of calcium in the vasculature. Furthermore, it was determined that it was the increase in Runx2 expression, and not downregulation of myocardin and SMC contractile proteins, that was important for differentiation to osteoblast-like cells and calcification. These studies also confirmed that SMCs, and not bone marrow-derived progenitor cells, that were responsible for vascular calcification. 18 Several mechanisms underlying the genetic reprogramming of SMCs to osteoblast-like cells have been identified, although this remains an area of active investigation. Phosphorylation and activation of Erk signaling is important for osteoblast differentiation and has been shown to occur in SMC prior to myocardin downregulation. 18 The transcription factor kruppel-like factor 4 also contributes to differentiation of SMCs exposed to high phosphate by suppressing SMC contractile genes. Elevated levels of phosphate induce kruppel-like factor 4, which, in turn, binds to the promoter of genes that encode the contractile proteins SM22α and SM α-actin to repress transcription. 19 MicroRNAs (miRs) have emerged as key regulators of SMC differentiation to osteoblastlike cells by regulating gene expression under procalcifying conditions. MicroRNAs are ~22 nucleotide small non-coding RNAs that bind to complementary seed sequences in the 3'-untranslated region of target mRNA to silence gene expression by degrading the mRNA or limiting translation. MicroRNAs typically regulate the expression of many genes and it has been suggested that in disease states these genes may be associated with a common signaling pathway. Collectively, early studies have reported increased expression of miRs that target smooth muscle contractile proteins and decreased expression of miRs that target osteoblast differentiation markers (reviewed in 20 ) . For example, under calcifying conditions, the miR-143/145 complex, which regulates expression of SMC differentiation markers and kruppel-like factor 4 is downregulated. Other studies demonstrated that downregulation of miR-204, miR-205, miR-133a, or miR-30b/c in SMCs, occurs prior to calcification and upregulates Runx2 expression. 21, 22 MicroRNA-125b, which targets Ets1 and osterix was found to be downregulated 21 days after exposure of SMCs to osteogenic medium. 23 Another series of miRs, miR-135a(*), miR-762, miR-714, miR-712(*), which target the calcium efflux proteins NCX1, PMCA1, NCKX4, have also been implicated in SMC calcification. 21 Although these early studies indicate the importance of miRs in SMC differentiation to an osteoblast-like phenotype by showing the association between one miR and one protein target, it is more likely that this process is associated with changes in expression of a panel of miRs that target several proteins important for calcification.
Matrix vesicles, exosomes, and calciprotein complexes
Vascular SMC-generated small extracellular membranous bodies, or matrix vesicles, serve as mineral nucleation sites and are responsible for the initial deposition of calcium and phosphate in blood vessels (Fig. 2) . These matrix vesicles originate from dedifferentiated or calcifying SMCs, possibly as a mechanism to decrease high levels of intracellular calcium. 24 High cytosolic calcium levels promote translocation of annexins, predominantly annexin 6, to the plasma membrane. This triggers the release of vesicles and converts them to mineralization competent matrix vesicles with a Ca 2+ -P i -phosphatidylserine complex as the nucleation core. 25 Studies have shown that microtubule dynamics also play a role in SMC matrix vesicle release. In murine SMC exposed to high P i , microtubule stabilization with paclitaxel was shown to prevent the release of matrix vesicles and calcification. 26 Matrix vesicles also package cargo and mass spectrometry has identified 79 proteins in SMC-derived matrix vesicles, including proteins related to calcification, extracellular matrix, and calcium channels; matrix biogenesis, trafficking, and cytoskeletal proteins; oxidant and endoplasmic stress-related proteins; and other serum proteins. 27 Matrix vesicles also possess increased expression and activity of transglutaminase 2, which is a calciumdependent enzyme that promotes extracellular matrix crosslinking, and matrix metalloproteinase-2 27, 28 . The presence of these extracellular matrix-modifying enzymes indicates that matrix vesicles are involved in the disruption of normal vessel architecture in addition to serving as the nidus for calcification.
Accumulating evidence indicates that matrix vesicles are secreted from multivesicular bodies and are enriched with the exosome markers CD63, CD9, CD81, and MHC I. Secretion of these exosome-like structures is regulated by sphingomyelin phosphodiesterase 3 and inhibition of this enzyme prevents vascular calcification. Exosomes generated by SMC under calcifying conditions were found to contain amorphous calcium phosphphate crystals and have been detected in vessels at the site of calcification. 29 Calciprotein complexes are distinct from matrix vesicles and exosomes and high circulating levels of these complexes have been detected when pathological vascular calcification is present. 30 Calciprotein particles are 50-300 nm and contain the liverderived protein fetuin A, which is a mineral carrier protein that binds calcium, phosphate, and ultimately acidic proteins such as albumin to stabilize supersaturated fetuin A as a colloid. 31 Although high levels of calciprotein complexes are associated with vascular calcification, is not known if these calciprotein complexes contribute directly to vascular calcification.
Cellular processes that regulate smooth muscle cell calcification
The cellular and systemic conditions that are permissive for SMC differentiation to osteoblast-like cells and generation of matrix vesicles are multifactorial. At a cellular level, procalcifying conditions may occur as a result of factors that increase cellular stress responses. Similarly, systemic factors such as a loss of circulating inhibitors of calcification or changes in levels of hormonal regulators of calcium and phosphate homeostasis also facilitate SMC differentiation and vascular calcification. Based on the complexity of the systems that regulate vascular calcification, is likely that many of these factors are operative simultaneously.
Oxidant stress and endoplasmic reticulum stress
Oxidant stress and endoplasmic reticulum stress have both been implicated in vascular calcification and shown to promote SMC differentiation. Increased activity of NADPH oxidase and elevated levels of hydrogen peroxide initiate SMC differentiation by upregulating Runx2 expression. 32, 33 Similarly, the pro-inflammatory receptor for advanced glycation end-products (RAGE) increases NADPH oxidase activity and SMC oxidant stress to increase Runx2 and alkaline phosphatase expression and SMC transition to an osteoblastlike phenotype. Inhibition of RAGE using an anti-RAGE antibody was found to decrease oxidant stress through a mechanism that involved decreased oxidant stress and Runx2 expression. 34 Other studies found that pyridoxamine and alagebrium, inhibitors of advanced glycation end-products, prevented experimental diabetes-associated vascular calcification in a rat model. 35 Constitutive activation of the parathryroid hormone receptor (PTH1R) in the vasculature has also been shown to limit calcification, in part, by decreasing oxidant stress. In a diabetic mouse model with vascular specific expression of constitutively active vascular PTH1R, aorta superoxide levels were decreased compared to controls and this was associated with a decrease in aorta wall thickness, collagen, and vascular calcification. 36 Saturated fatty acids also stimulate vascular calcification through a mechanism that involves increased oxidant stress. Mice fed a palmitic acid-enriched diet demonstrated increased vascular medial calcification that was limited by coadministration of the antioxidant apocynin. In vitro studies performed in SMCs confirmed that palmitate increased reactive oxygen species production and calcification. 37 Oxidant stress can activate endoplasmic reticulum (ER) stress, which is another mechanism by which SMCs undergo differentiation to osteoblast-like cells. In human SMC, bone morphogenetic protein-2 has been shown to increase NADPH oxidase activity and reactive oxygen species production to activate ER stress. Endoplasmic reticulum stress increased expression of the transcription factor XBP-1 that was shown to bind to the Runx2 promoter, initiate SMC differentiation, and increase SMC calcification. 38 Other studies found an increase in the ER stress protein activating transcription factor 4 (ATF4) in SMCs and calcified aortas from experimental models. In this study, siRNA knockdown of ATF4 decreased ER stress, apoptosis, and SMC calcification. 39 Tumor necrosis factor-α has also been shown to induce vascular calcification through activation of ER stress and the PERKeIF2α-ATF4-CHOP signaling pathways. 40 In patients with renal insufficiency who have elevated serum levels of oxysterols, which can activate ER stress, treatment with simvastatin and ezetamide decreased ER stress and limited calcification. 41 
DNA damage response, autophagy, and apoptosis
Prolonged cellular stress may activate homeostatic repair processes or cells may undergo apoptosis when overwhelmed by the stress. One repair mechanism, the DNA damage response signaling pathway, has been linked to SMC calcification. Prelamin A, the precursor protein of lamin A, induces SMC senescence and DNA damage by inhibiting mitosis. Prelamin A accumulates in calcifying SMC with a concomitant increase in DNA damage and downregulation of the ataxia-telangiectasia-mutated pathway, which regulates an arm of the DNA damage response pathway. DNA damage response signaling was found to stimulate SMC osteogenic differentiation and p16-induced cellular senescence. This occurred, in part, when SMC acquired a senescence-associated secretory phenotype and increased alkaline phosphatase activity. 42 Autophagy, a catabolic process that can be an adaptive response to cell stress, was found to limit SMC calcification by inhibiting matrix vesicle release. Under high phosphate (3 mmol/L) conditions, pharmacological or molecular inhibition of autophagy resulted in increased SMC calcium deposition. Downregulation of autophagy was also associated with loss of SMC contractile proteins but not SMC differentiation to an osteogenic phenotype; however, inhibition of autophagy did increase the release of procalcific matrix vesicles with high levels of alkaline phosphatase activity. 43 Thus, factors that interfere with autophagy are likely to increase SMC and vascular calcification.
Apoptosis has also been linked to SMC calcification. Early studies revealed that SMCs might release apoptotic bodies that are similar to matrix vesicles and can concentrate calcium. 44 Conversely, calcium-phosphate crystals may also cause SMC cell death with their potency determined by their size and crystal composition; those crystals that are ≤1 μm lead to rapid increases in intracellular calcium and apoptosis through a mechanism that may involve crystal dissolution within lysosomes. 45 
Inhibitors of ectopic vascular calcification
Ectopic vascular calcification is prevented by the presence of local and circulating inhibitors that limit mineralization of vessels. Decreased expression or activity of any of these inhibitors, genetic or acquired, creates a milieu that favors vascular calcification. Matrix-Gla protein is an N-terminal γ-carboxylated protein that inhibits calcification by limiting precipitation of calcium-phosphate in the blood vessel wall. Matrix-Gla protein requires phosphorylation of 3 serine residues for secretion and γ-carboxylation of 5 glutamate residues for both secretion and activation. The γ-carboxylation process is dependent upon vitamin K as a cofactor and, therefore, explains why vitamin K deficiency or the administration of high doses of the vitamin K antagonist warfarin is associated with vascular calcification. 46 Vascular SMC express MGP; when MGP is deficient, as in MGP knockout mouse models, there is severe vascular calcification and early demise. Matrix vesicles generated by SMC were found to lack MGP suggesting that the absence of this inhibitor increased their procalcifying potential. 25, 27 There is also evidence in CKD that MGP is dephosphorylated and under-carboxylated rendering this inhibitor less effective. 47 Another key inhibitor is extracellular pyrophosphate that is generated by ecto-ATPase nucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) and prevents hydroxyapatite formation and propagation. The importance of ENPP1 for limiting vascular calcification was demonstrated by transplanting aortas from Enpp1 knockout mice into wild type mice and vice versa. This revealed that normal levels of extracellular pyrophosphate were sufficient to prevent calcification (Enpp1 aorta in WT mouse) while systemic Enpp1 deficiency was able to produce vascular calcification even on the background of normal vascular pyrophosphate production (WT aorta in Enpp1 knockout mouse). 48 Similarly, defects in pyrophosphate metabolism have also been identified as a mechanism underlying vascular calcification in Hutchinson-Gilford progeria syndrome. 49 Missense mutations identified in the ATP-binding cassette subfamily C 6 (ABCC6) gene, which is liked to pseudoxanthoma elasticum, have been associated with connective tissue calcification. In Abcc6 knockout mice, arterial calcium accumulation was 1.5-2.0-fold higher than that observed in wild-type mice and vascular expression of the osteogenic and chondrogenic markers Runx2 and Sox9 was present in calcified vessels. 50 In rat models of CKD, there was evidence of decreased Abcc6 protein levels suggesting that CKD induces an acquired Abcc6 transporter deficiency. 51 The gene NT5E has also has been related to vascular calcification. This gene encodes the glycosyl-phosphatidylinositol-linked plasma membrane CD73 ectoenzyme. CD73 lies downstream of ENPP1 and hydrolyzes AMP to adenosine. Adenosine importantly regulates expression of alkaline phosphatase that is necessary for hydroxyapatite formation and mineralization of vessels. 52 Fetuin A is a member of the cystatin superfamily. This cysteine protease inhibitor is synthesized by the liver and is typically regarded as a circulating inhibitor of calcification. Fetuin A forms calciprotein complexes that physically inhibit calcium apatite formation. 53 Osteoprotegerin is a member of the tumor necrosis factor-α superfamily and inhibits osteoclast differentiation to inhibit bone remodeling and release of calcium and phosphate into the circulation. Osteoprotegerin is a decoy receptor for receptor activator of nuclear factor kappa B (RANK) ligand and decreases activation of RANK signaling. Mice that are deficient in osteoprotegerin develop spontaneous arterial calcification through a mechanism that involves activation of bone morphogenetic protein-4 and alternative NF-kB signaling as well as RANK ligand-interleukin-6 signaling in SMCs. 54, 55 Hormonal regulation of smooth muscle calcification Vascular calcification is also subject to hormonal regulation and sex steroids appear to play a role in this process. Estrogens inhibit vascular calcification and aortic SMC isolated from female pigs exposed to calcifying conditions are resistant to mineralization owing to higher osteoprotegerin levels compared to SMC isolated from ovariectomized pigs. 56 Estrogens were also shown to inhibit RANK ligand signaling in human SMC via estrogen receptor-α signaling. In ovariectomized apoE knockout mice that received estrogen replacement, vascular calcification was diminished as a result of an estrogen-mediated inhibition of bone morphogenetic protein and Smad 1/5/8 signaling as well as an increase in the calcification inhibitor MGP. 57 The contribution of testosterone to vascular calcification is more controversial. One study found a 3-4-fold increase in atherosclerotic vascular calcification in mice that was associated with upregulation of the androgen receptor and occurred independent of sex. 58 By contrast, another study reported that testosterone inhibited phosphate-stimulated SMC apoptosis and calcification by androgen receptor-mediated transactivation of growth arrest-specific gene 6. 59 The role of the calciotropic parathyroid hormone (PTH) in vascular calcification has also been controversial. Early studies performed in a rat model of CKD that underwent parathyroidectomy followed by PTH replacement therapy demonstrated significant aortic medial calcification suggesting that PTH has a direct role in promoting vascular calcification. 60 Conversely, other studies that examined activation of the PTH1 receptor, which is highly expressed in SMCs, suggested that PTH prevented vascular calcification. To examine the consequences of SMC PTH1 receptor activation for vascular calcification, a novel transgenic mouse model with SMC-restricted expression of a constitutively active form of PTH1 receptor [SM22-PTH1R(H223R);LDLR −/− ] was studied. Compared to nontransgenic siblings, these mice exhibited reduced aortic oxidant stress, Wnt/β-catenin signaling vascular calcification. 36 Independently, other investigators found that pulsatile administration of PTH(1-34) reduced vascular calcification in a rat model of uremia. 61 The relationship between vitamin D status and vascular calcification appears to be doserelated with physiological levels appearing to be protective while pharmacological levels induce vascular calcification. In SMCs, which express vitamin D receptors, vitamin D is believed to inhibit matrix mineraliza SMC differentiation to osteoblast-like cells. its anti-inflammatory effects that may prevent SMC mineralization. In the vitamin D receptor knockout mouse, impaired vitamin D signaling in SMCs was associated with SMC differentiation and increased vascular calcification, although studies have suggested that this occurs due to systemic, and not local, vitamin D receptor signaling in other tissues. 48, 62 Klotho is a transmembrane protein that is expressed by the kidney and blood vessels and has been associated with vascular calcification. 63 Klotho functions as a co-receptor for fibroblast growth factor-23 (FGF23) and maintains the balance of circulating calcium and phosphate. 64 Activation of the vitamin D receptor increases expression of klotho and FGF23 to increase renal phosphate excretion by downregulating the sodium phosphate transporters Slc34A1/ NaPi-2a and Slc34A3/NaPi-2c. Klotho inhibits vascular calcification by preventing SMC differentiation while disruption of klotho-FGF23 signaling results in hyperphosphatemia with ectopic calcification. 64 Studies in klotho hypomorphic mice (kl/kl) found that these mice had hyperaldosteronism. In vitro, aldosterone increased SMC expression of the phosphate transporter PIT-1 and SMC expression of osteoblast genes, all of which was inhibitable by treatment with spironolactone. 65 This is not surprising, as aldosterone has been shown previously to upregulate alkaline phosphatase activity in calcifying SMC and to increase expression of tumor necrosis factor-α, which has been implicated in SMC differentiation via NF-kB p65 and Msx2 to induce expression of Runx2, Wnt/β-catenin signaling, and alkaline phosphatase. 65, 66 
Conclusion
Vascular SMCs play an integral role in ectopic arterial calcification (Fig. 3) . Under procalcifying conditions, SMCs undergo differentiation to osteoblast-like cells and express the master osteoblast transcription factor Runx2 along with other bone-related proteins with concomitant downregulation of SMC contractile proteins. These reprogrammed SMC generate matrix vesicles and exosomes that initiate the mineralization process and form bone matrix within the vessel wall. Genetic, metabolic, and hormonal signaling regulates SMC calcification processes, although the exact signaling pathways and interactions between these regulators remain incompletely characterized. Future efforts will likely focus on identifying key regulatory points and interactions between mechanisms linked to SMC differentiation and mineralization processes that can be targeted to reduce calcification, and, thereby, improve vascular compliance and reduce cardiovascular risk. In a meta-analysis, risk for major adverse events was determined for patients with cardiovascular calcification versus those without calcification. Data from 218,080 patients from 30 studies was examined to determine the odds ratio (OR) for all-cause and cardiovascular (CV) mortality as well as any CV event, stroke, or coronary events. Patients included in these studies ranged from asymptomatic individuals to those with diabetes mellitus, chronic kidney disease, chest pain and multiple risk factors. In vascular smooth muscle cells (SMC) exposed to high levels of phosphate, which is taken up by the phosphate transporter PIT1, SMC undergo differentiation to osteoblast-like cells and express the master osteoblast transcription factor Runx2. These SMC generate matrix vesicles that deposit in the vessel wall and serve as a site for nucleation and vascular medial calcification. These membrane-bound matrix vesicles include proteins for calcium and phosphate import and related to extracellular (ECM) mineralization, cytoskeleton, cellular stress and other intracellular proteins. Contractile vascular smooth muscle cells undergo differentiation to osteoblast-like cells when exposed to high levels of phosphate and other cellular and/or systemic processes that facilitate vascular calcification. These osteoblast-like cells participate in vascular medial calcification.
Leopold Page 16
Trends Cardiovasc Med. Author manuscript; available in PMC 2016 May 01.
